Coupled cluster (CC) methods provide highly accurate predictions of molecular properties, but their high computational cost has precluded their routine application to large systems. Fortunately, recent computational developments in the ACES III program by the Bartlett group [the OED/ERD atomic integral package, the super instruction processor, and the super instruction architecture language] permit overcoming that limitation by providing a framework for massively parallel CC implementations. In that scheme, we are further extending those parallel CC efforts to systematically predict the three main electron spin resonance (ESR) tensors (A-, g-, and D-tensors) to be reported in a series of papers. In this paper inaugurating that series, we report our new ACES III parallel capabilities that calculate isotropic hyperfine coupling constants in 38 neutral, cationic, and anionic radicals that include the 11 (2)], CC singles and doubles (CCSD), and CCSD with perturbative triples [CCSD(T)] levels using Roos augmented double-and triple-zeta atomic natural orbitals basis sets. HF results consistently overestimate isotropic hyperfine coupling constants. However, inclusion of electron correlation effects in the simplest way via MBPT(2) provides significant improvements in the predictions, but not without occasional failures. In contrast, CCSD results are consistently in very good agreement with experimental results. Inclusion of perturbative triples to CCSD via CCSD(T) leads to small improvements in the predictions, which might not compensate for the extra computational effort at a non-iterative N 7 -scaling in CCSD(T). The importance of these accurate computations of isotropic hyperfine coupling constants to elucidate experimental ESR spectra, to interpret spin-density distributions, and to characterize and identify radical species is illustrated with our results from large organic radicals. Those include species relevant for organic chemistry, petroleum industry, and biochemistry, such as the cyclo-hexyl, 1-adamatyl, and Zn-porphycene anion radicals, inter alia. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The resonant absorption of electromagnetic radiation by non-zero-spin nuclei and unpaired electrons under a stationary magnetic field provides very detailed information about molecular structures. Those transitions are the foundations of the nuclear magnetic resonance (NMR) and electron spin resonance (ESR) spectroscopies, respectively: two indispensable techniques to elucidate chemical structures. [1] [2] [3] [4] [5] In particular, ESR spectroscopy involves the resonant absorption by electrons in open-shell systems (free radicals, biradicals, open-shell molecules, etc.). The resulting ESR spectra carry a wealth of valuable information about the nature of those systems (structure, electron distribution, oxidation state, etc.), which cannot be easily obtained by other means. More specifically, ESR experiments render three main properties that measure three types of electromagnetic interaca) Author to whom correspondence should be addressed. tions; those properties, in increasing order of calculation difficulty, are the hyperfine coupling A-tensor, which quantifies the interaction between nuclear and electronic spin angular momenta; the g-tensor, which quantifies the interaction between electronic spin and orbital angular momenta; and the D-tensor (also known as the zero-field splitting tensor), which quantifies electronic spin interactions in systems having more than one unpaired electron. Rigorous definitions and detailed expressions for these three tensors can be found in the specialized ESR literature 1, 6 (cf. also Eq. (1)). Typically, ESR spectra are far more complex than those obtained from NMR and infrared (IR) spectroscopies; [7] [8] [9] thus, ESR spectra inescapably require the aid of predictive-quality theoretical methods for their full interpretation. 4, 10 Toward that goal, various electronic structure methods, [11] [12] [13] such as Hartree-Fock (HF), many-body perturbation theory (MBPT), coupled cluster (CC) theory, configuration interaction (CI), multi-reference (MR) methods, and density functional theory (DFT), have been applied to predict the aforesaid ESR tensors and other ESR properties. Those efforts have involved The massively parallel code ACES III 40 currently allows efficient applications of the MBPT and CC methods to large systems. However, thus far, ACES III's post-HF implementations have been applied only to predict primary quantum chemistry properties (e.g., ground-and excited-state energies, molecular structures, and vibration frequencies) and not to predict NMR and ESR properties. For that reason, we have undertaken a further extension of ACES III's capabilities to systematically calculate the three types of ESR tensors at the MBPT and CC levels. These new ESR capabilities can be effectively applied to a vast array of systems ranging from small to large sizes. Following their increasing order of difficulty, we are developing capabilities to successively predict the A-, g-, and D-tensors to be reported in a series of forthcoming papers. The present paper inaugurates that series by reporting our developments and calculations of the isotropic hyperfine coupling A-tensor of large systems. This paper reports the first implementations and calculations of the isotropic hyperfine coupling A-tensor of large systems with the second-order MBPT [MBPT(2)], 47 , 48 the CC with single-and double-excitations (CCSD), 49 and the CCSD with pertubative triple-excitations [CCSD(T)] 50, 51 methods. CCSD(T) is acknowledged as the "gold standard" for electronic structure calculations. Thus, through the present efforts, the scope of applications of the gold-standard CCSD(T) has been extended to ESR properties of large systems for the first time. The evaluation of the A-tensor in the present nonrelativistic framework requires adding two perturbative terms to the ordinary zero-order Hamiltonian: the Fermi-contact and the spin-dipolar terms. 52 The former term provides a measure of the spin density at a nucleus (the isotropic distribution), whereas the latter term provides a measure of the asymmetry of the spin density (the anisotropic distribution). However, the contribution of the anisotropic part of the A-tensor averages to zero in molecules in the gas or liquid phase. Therefore, this current work is restricted to the evaluation of the isotropic hyperfine coupling constants A iso, N 's arising from the Fermi contact term since a considerable number of ESR experiments are conducted in the gas phase. Anisotropic effects manifesting in solid ESR spectra will be addressed by us in the future.
The isotropic hyperfine coupling constant is a first-order property since it arises from the Fermi contact term: A first-order term in the Breit-Pauli Hamiltonian. 1, 52 The formulation of the isotropic hyperfine coupling constant as a first-order property within the CC and MBPT theoretical frameworks is well known. 6 However, as explained previously, routine applications of those expressions for calculations have remained limited to small systems due to their high computational cost. The present work has overcome that situation by a skillful expansion and utilization of the computer capabilities of the ACES III code. 40, [43] [44] [45] In that scheme, CC and MBPT expressions for the isotropic hyperfine coupling constant A iso, N 's have been implemented in parallel using the SIAL language. 45 In addition, the OED/ERD atomic integral package 44 of ACES III 40 has been extended to evaluate the necessary Dirac delta function integrals between two atomic basis functions for a given nucleus. The relevant theoretical details and the equations involved in these implementations are presented in Sec. II. The resulting ESR capabilities have been applied first to the calculation of isotropic hyperfine coupling constants A iso, N 's in a large set of small radicals for benchmarking purpose; these calculations were performed at the MBPT(2), CCSD, and CCSD(T) levels. Then, the same capabilities were applied to the calculation of isotropic hyperfine coupling constants A iso, N 's in various large radicals as the first theoretical investigation of that property in complex chemical species relevant in organic chemistry, petroleum chemistry, and biochemistry; these calculations were performed at the HF, MBPT(2), and CCSD levels. In all cases, the CC predicted values of the A iso, N 's exhibit very good agreement with available experimental results. While not addressing additional relativistic (spin-orbit coupling, scalar relativistic properties, etc. 53 ), environmental 54 and vibrational effects, 55 the present investigation certainly demonstrates the importance of electron correlation effects for the accurate prediction of isotropic hyperfine coupling constants and for the reliable elucidation of ESR spectra. Computational details and discussions of the obtained results are presented in Secs. III and IV, respectively, while the general conclusions from this study are provided in Sec. V.
II. THEORY

A. Isotropic hyperfine coupling constants
The isotropic hyperfine coupling constant for a nucleus N, A iso, N , is defined in SI units as 56 A iso,N = 8π 3c 2 n g N g e β e β N p,q
where g e and g N are the electronic and nuclear g-factors, respectively, β e is the Bohr magneton, β N is the nuclear magneton of nucleus N,Ŝ z (1) is the operator for the z-component of the electronic spin, R N is the position of the nucleus N, r 1 is the position of an electron, n is the number of unpaired electrons, δ(r 1 − R N ) is a Dirac delta function centered on the nucleus N with respect to electron 1, φ p is an electronic molecular spin-orbital, and D pq is an element of the oneelectron density matrix D = (D pq ). The evaluation of A iso, N following Eq. (1) essentially requires two types of components: the Dirac delta function integrals in the atomic basis set functions φ μ and φ ν , φ μ |δ(r 1 − R N )|φ ν , and the oneelectron density matrix D = (D pq ). To realize the present implementations, new routines to calculate all those components have been coded into the ACES III program. 40 Routines to calculate the required atomic integrals have been implemented in the OED/ERD atomic integral package 44 of ACES III. 40 Routines to evaluate the one-electron density matrix D = (D pq ) are more involved and their computational details depend upon the chosen electronic structure method: CCSD, CCSD(T), and MBPT(2) in the present case. Those computational details are discussed in Subsection II B.
B. Coupled-cluster and many-body-perturbation-theory density matrices
A brief outline of the CC and MBPT theories pertinent to the calculation of isotropic hyperfine coupling constants A iso, N 's is presented here. For further details about the introduced quantities and their related equations, the reader is referred to the cited references. In CC theory, 36, 57 the exact wavefunction of a molecule is written as | = eT | 0 , where | 0 is a reference wavefunction and T is the excitation operator. Having the projection operatorŝ 58, 59 is obtained by solving a coupled-perturbed HF-type equation. It is worth noticing that the above definitions of the CC density matrices for regular CC realizations like CCSD are also valid for CCSD(T) although the latter method has no explicit wavefunction associated with it. However, theˆ equations in CCSD(T) differ from those in CCSD due to the presence of tripleexcitation contributions in the former. 62 For MBPT (2) , which can be obtained as the first iteration of the CC equations, a separate consideration of theˆ equations is not necessary because for a HF reference, only the linear terms in theˆ equations are involved and the identityˆ =T † holds. 57 Once convergence is achieved, the one-electron density matrices for the CCSD, [63] [64] [65] CCSD(T), 62 and MBPT (2) 66, 67 methods can be calculated with their corresponding expressions given in the cited literature.
Conceptually, the computational steps to calculate isotropic hyperfine coupling constants A iso, N 's with the CC theory are: (1) solve the HF equations, (2) transform the twoelectron atomic-orbital integrals into molecular-orbital integrals, (3) solve the CC amplitude equation to obtainT , (4) solve theˆ equations to obtainˆ , and (5) construct the CC one-electron spin density matrix elements and contract them with the Dirac delta function integrals in the atomic-orbital representation to obtain the A iso, N 's. However, it is important to note that the practical implementations to calculate the A iso 's may not necessarily follow the basic steps outlined above but, instead, equivalent and more efficient steps that optimize computer performance. Using the SIAL language, 45 the outlined CCSD, CCSD(T), and MBPT(2) procedures to calculate A iso, N 's have been implemented in massively parallel implementations within the ACES III code. 40 
III. COMPUTATIONAL DETAILS
The selection of molecules for the present study is primarily dictated by the availability of reliable experimental data. For discussion purposes, we group the selected molecules into two test sets. The first set (set I) contains 26 67 Zn (0.3502). The A iso, N 's calculations for the molecules in set I are conducted to validate the current implementations in a feasible way. More significantly, the A iso, N 's calculations for the molecules in set II constitute the first systematic application of the present CC implementations to large systems. Such CC applications remained totally unfeasible until this development.
Geometries of the studied molecules are optimized at the MBPT(2)/6-31G * * level, 69, 70 except for the Zn-porphycene anion radical, which is optimized at the DFT/B3LYP/6-31G * * level. The present hyperfine coupling constant A iso, N 's are calculated with the ROOS-ATZP [71] [72] [73] basis set, except for those of the Zn-porphycene anion radical, which were calculated with the ROOS-ADZP 72 basis set. All the present calculations are performed using our locally modified version of the ACES III code, 40 except for the DFT geometry of the Zn-porphycene anion radical, which is obtained with NWChem program. 42 
IV. RESULTS AND DISCUSSION
Isotropic hyperfine coupling constants A iso, N 's in units of MHz for the small radicals in set I computed at the MBPT(2), CCSD and CCSD(T) levels are presented in Table I along with their corresponding absolute-value experimental counterparts whenever available. In addition, a scatter plot of the errors A iso,N = |A for the isotropic hyperfine coupling constants A iso, N 's computed at the CCSD and CCSD(T) levels for the radicals in the test set I vs. the molecules and nuclei in that set is shown in Fig. 1 Test set II consists of molecules with their number of atoms ranging from 13 to 37. Even with the present efficient massively parallel implementations, computer resources to obtain CCSD(T) first-order properties for some of the largest molecules in set II are not currently at our disposal. Therefore, we resort to use CCSD as the only CC method for those large molecules. We do not expect that this option will affect the conclusions drawn from these calculations since we have already shown that CCSD and CCSD(T) A iso, N 's do not differ significantly with the molecules in set I.
Isotropic hyperfine coupling constants A iso, N 's in units of MHz for the large molecules in set II computed at the HF, MBPT(2) and CCSD levels are presented in Tables II-VI along with their corresponding absolute-value experimental counterparts whenever available. The structures of these molecules showing their atoms' (nuclei's) numbering (e.g., 1 H9, 13 C1, 14 N12, etc.) are depicted with the molecular visualization tool Avogadro in Figs. S1-S12 of the supplementary material. 68 The atoms' numbering is employed in Tables II-VI to | for the isotropic hyperfine coupling constants A iso, N 's computed at the HF, MBPT(2), and CCSD levels for all the radicals in the test set II vs. the molecules and nuclei in that set II is presented in Fig. 2 . AAE values of 22.6, 9.9, and 4.4 MHz are obtained for HF, MBPT(2), and CCSD, respectively. As expected, that sequence of AAE values indicates an improvement in the A iso, N predictions as the degree of electron correlation increases. It should be noticed that some of the A iso, N 's at the MBPT(2) level for the N,N-dimethylaminop-phenylenediamine cation radical considerably depart from their theoretical and experimental counterparts. This anomaly 
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Nuclei HF MBPT(2) CCSD Expt. Inclusion of electron correlation in the simplest form via MBPT(2) considerably improves the quality of the predicted A iso, N 's in most cases. An exception for that trend is provided by the anomalous MBPT(2) A iso, N 's for the N,Ndimethylamino-p-phenylenediamine cation radical as noticed previously. As said earlier, a conclusive statement about the cause of these anomalies is not currently possible and its determination will require further studies. Ultimately, inclusion of a high degree of electronic correlation via CCSD drastically improves the quality of the predicted A iso, N 's in all the examined cases without exception. That is: Unlike MBPT(2), CCSD always improves the A iso, N 's predictions over those by HF. Of all the methods used for set II, CCSD provides the most accurate A iso, N 's predictions as expected.
A close inspection of Tables II-VI reveals that the signs of the A iso, N 's from MBPT(2) and CCSD calculations are not always in agreement. The sign of a particular isotropic hyperfine constant A iso, N depends upon the signs of the spin density and of the nuclear g-factor, g N , of the considered nucleus N, respectively. As CCSD is more accurate than MBPT(2), a sign discrepancy between the CCSD and MBPT(2) A iso, N 's for the same nucleus N indicates a less accurate prediction of the spin density by the latter method. Since hyperfine nucleus-electron interactions are quite sensitive to the chemical environment, the A iso, N 's not only provide a description of the spin-density distribution but also reveal the structural and chemical characteristics of the studied systems. For instance, the small magnitudes of the A iso, N 's for the 13 C and 1 H atoms in the 1,3,2-benzodithiazolyl radical, the p-phenylenediamine cation radical, and the Zn-porphycene anion radical reveal the delocalization of their unpaired electrons due to the conjugated π -systems in these molecules (cf .  Tables II and III, and VI and Figs. S3, S8 , and S12). Similarly, the A iso, N of the 14 N atom in the phenylaminyl radical is expected to be smaller than its analogous one in the diethylaminyl radical due to the delocalization of the unpaired electron by the phenyl group present in the former radical but absent in the latter one (cf . Table II and Figs. S1 and S4).
That effect was observed in early experiments 74, 75 and is now corroborated by our precise calculations (cf. Table II) . Likewise, the A iso, N 's of the 13 C and 1 H atoms in the benzene ring of the benzyl and phenylaminyl radicals are larger than their counterparts in the 1,3,2-benzodithiazolyl radical due to higher electron delocalization in the last radical produced by its extra 1,3,2-dithiazole ring (cf . Table II and Figs. S2-S4 ).
Amino and alkyl-amino substituent groups have a strong effect on conjugated π -systems and that manifests clearly in the values of the A iso, N 's for various nuclei of the aniline, 4-nitroaniline, p-phenylenediamine, N,N-dimethylamino-pphenylenediamine, and N,N-dimethyl-4-nitroaniline cation radicals calculated at the MBPT(2) and CCSD levels (cf .  Table III and Figs. S6-S10). For instance, substitution of the para 1 H atom in the aniline cation radical with a NO 2 group to generate the 4-nitroaniline cation radical has a weak effect on the A iso, N 's of the nuclei in their common C 6 H 4 moiety. However, the same substitution in the aniline cation radical with a NH 2 group to generate the p-phenylenediamine cation radical leads to an increased delocalization of the π electrons in the latter species; consequently, the A iso, N 's of the nuclei in that radical's C 6 H 4 moiety become very small. Substitution of the para 1 H atom in the aniline cation radical with a NO 2 group has a minor effect on the common C 6 H 4 moiety of that a For this radical having 96 alpha + 95 beta occupied and 677 alpha + 678 beta virtual orbitals, the whole process of SCF + CCSD +ˆ equations + density construct + isotropic hyperfine coupling constants calculations took 43 h of CPU time on 1800 cores at 1600 MB per core.
radical and of its derived 4-nitroaniline cation radical. However, the same substitution in the aniline cation radical with a NH 2 group leads to an increased delocalization of π electrons; consequently, the A iso, N 's of the p-phenylenediamine cation radical become very small. Such a delocalization of π electrons does not happen when the N(CH 3 ) 2 group substitutes the para 1 H atom in the aniline cation radical. The C 6 H 4 moiety has similar ESR properties in the N,N-dimethylamino-pphenylenediamine and the N,N-dimethyl-4-nitroaniline cation radicals. The different substituents attached to the C 6 H 4 moiety at para position with respect to the NH 2 group have very little effect on the 1 H atoms in that group. Substitution of the para 1 H atom in the aniline cation radical with a NO 2 group has a little effect on the A iso, 14 N of the 14 N atom in the NH 2 group, while substituting that 1 H atom with a NH 2 group lowers the value of that A iso, 14 N . Delocalization of the electron does not happen when the 1 H atoms of the NH 2 group are replaced by CH 3 groups; thus, the A iso, 14 N of the 14 N atom in the NH 2 group in the N,N-dimethylamino-pphenylenediamine cation radical is similar to those in the aniline and 4-nitroaniline cation radicals. Finally, substitution of the NH 2 group with a NO 2 group in the N,N-dimethylaminop-phenylenediamine cation radical increases the value of the A iso, 14 N of the 14 N atom in the N(CH 3 ) 2 group. Due to its small ring-inversion energy barriers, the cyclo-hexylradical rapidly interconverts among its various S5 ) in the ESR time-scale at room temperature. Only around −80
• C, distinct A iso, N 's for axial and equatorial hydrogen atoms can be measured by ESR experiments. 6 We note that our calculated A iso, N 's are similar to those obtained from experiments around −80
• C (cf. Table IV ). The cyclo-alkane adamantane (C 10 H 16 ), a diamondoid hydrocarbon present in petroleum, can generate two isomeric radicals: 1-adamantyl and 2-adamantyl (C 10 H 15 , cf. Fig. 3 ), both exhibting rigid polycyclic alkyl frames with small differences in their respective molecular structures. The carbon radical centers of 1-adamantyl and 2-adamantyl are trivalent carbon atoms exhibiting pyramidal and (near) planar geometries, respectively (cf. Fig. 3) , that lead to two distinct ESR spectra. Our calculated A iso, N 's at the CCSD level are consistent with the experimental values of the 1-adamantyl radical and confim the pyramidalization of its carbon radical centre 77 (cf. Table V) .
As shown in Table VI , the calculated CCSD A iso, N spectrum of the (4-unsubstituted) Zn-porphycene anion radical predicts four equivalent nitrogen atoms, five different sets of carbon atoms, and three different sets of hydrogen atoms. Not only the magnitude but also the ordering of the CCSD A iso, N 's are consistent with the experimentally observed values. 78 The assignment of experimentally obtained A iso, N 's to specific nuclei in a molecule is by no means straightforward and often has to rely on tedious comparative studies 78 to identify trends in closely related systems. For example, in the present case of the Zn porphycene anion radical, its experimental A iso, N 's for the equivalent 1 H27, 1 H28, 1 H33, and 1 H34 atoms are unequivocally assigned to them by comparing the ESR spectum of this radical with that of the porphycence derivative compound: 9,10,19,20-tetra-n-propylporphycene, where the 1 H27, 1 H28, 1 H33, and 1 H34 atoms are replaced with four propyl groups. Similarly, the assignment of the experimental A iso, N 's to the 1 H26, 1 H30, 1 H32, and 1 H36 atoms of the Zn porphycene anion radical requires a comparsion of its ESR spectum with that of its derivative 2,7,12,17-tetra-npropylporphycene radical. 78 As demonstrated by this work, such difficult and time-consuming comparative studies of experimental results are no longer necessary since the current CCSD implementation can predict acurate A iso, N 's for all the nuclei in a molecule.
V. CONCLUDING REMARKS
The precise predictive quality of the CC methods is well known. However, due to their significant computational cost, routine applications of CC methods were limited to small molecules until recently. The current CC implementations show that it is now possible to calculate first-order molecular properties, such as isotropic hyperfine coupling constants A iso, N 's, of large systems with CC methods on a regular basis. Adopting the ROOS-ADZP and ROOS-ATZP basis sets, [71] [72] [73] , and the Zn-porphycene anion radical. The performance of CCSD for the computation of A iso, N 's is certainly encouraging as AAE of 8.2 MHz and 4.4 MHz are observed for the radicals in test sets I and II, respectively. Furthermore, the performance of CCSD(T) for the computation of A iso, N 's exhibits an AAE of 8.0 MHz for the radicals in test set I. However, the modest improvement in these predictions provided by CCSD(T) over CCSD may not compensate for the extra computational effort in the former method at its non-iterative N 7 -scaling for large molecules. In contrast, HF considerably overestimates the A iso, N 's values in most cases. Inclusion of correlation in the simplest form via MBPT(2) significantly improves the prediction of A iso, N 's, but occasional failures of MBPT(2) are also noted.
At this point, we would like to note that in this investigation, we have only focused on the effect of the electron correlation on the A iso, N 's calculations. While it is abundantly clear that correlation effects are a major factor in obtaining high quality A iso, N 's values, there are other effects that need to be considered for the quantitative accuracy of those values. They include basis set effects, higher-order electron correlation effects, the fact that the wavefunction may not be an eigenfunction of the spin operators, vibrational effects, relativistic effects, and, perhaps, the multi-reference nature of the examined systems (radicals studied in this investigation are well described by single-reference methods). Among those, the basis set effects on the A iso, N 's accuracy are the most important. Those basis set effects have been discussed in great detail in the literature and other workers have developed various basis sets that are tailor-made for computing A iso, N 's. 34, [79] [80] [81] [82] [83] However, in this investigation, we adopted standard and widely distributed basis sets that share some appropriate features of the aforesaid basis sets (e.g., large s exponents) but are available for all the first and second row atoms unlike the aforesaid basis sets. Furthermore, the adopted basis sets include an advantageous use of atomic natural orbital (ANO) contraction coefficients. 72, 84 In regard to the spin eigenfunction status, we would like to note that all our calculations employ a UHF reference, which is not an eigenfunction of the total spin operator. It is well-known that a restricted open-shell HF (ROHF) reference is a spin eigenfunction. However, we chose a UHF reference instead of a ROHF one because the latter is a spin eigenfunction only at the HF level (it does not retain the eigenfunction property unless the full CI-limit is reached) and also predicts artificially small values for the A iso, N 's (e.g., an exactly zero A iso, C for the carbon atom of the CH 3 radical). More compellingly, it has been amply demonstrated that the exponential ansatz used in the CC theory removes most of the spin contamination that a CC wavefunction may inherit from a UHF reference. A thorough analysis of the spincontamination in CC wavefunctions from UHF references has been presented by Stanton, 85 who demonstrated that the modest spin-contamination left in truncated CC wavefunctions has no adverse effect on most molecular properties. The good agreement between the CC calculated A iso, N 's and their experimental counterparts further confirms those conclusions.
With the aid of a few examples, this study shows that knowledge of isotropic hyperfine coupling constants A iso, N 's obtained from a reliable theoretical source not only explains the chemical characteristics of a system but also helps in the elucidation of complex experimental ESR spectra. The overall characteristics of the unpaired electron can be ascertained from the computed A iso, N values. For instance, small values of spin densities at several nuclei within a molecule portray a picture of that molecule with the delocalized unpaired electron as is the case of the bicyclic 1,3,2-benzodithiazolyl radical and the p-phenylenediamine cation radical. Also, the delocalization of the unpaired electron is further enhanced by the attached substituents. For instance, the introduction of a second NH 2 group in some of the studied radicals considerably enhances the delocalization of the unpaired electron in the conjugated π -systems.
Slight changes in the molecular geometry can have a large effect on the A iso, N 's, and their computed values can help to monitor such an effect. For instance, due to its small ring-inversion energy barrier, the cyclo-hexyl radical rapidly interconvert among its various conformers leading to equivalent axial and equatorial 1 H atoms in the ESR time-scale as observed in temperature-dependent ESR spectra. Our computed A iso, N 's for this molecule reveal nonequivalent axial and equatorial 1 H atoms, which is experimentally observed only near −80
• C temperature. The isomeric 1-adamantyl and 2-adamantyl radicals exhibit their trivalent carbon radical centers in two different structural forms: pyramidal and (nearly) planar, respectively, which lead to two distinct ESR spectra. The calculated A iso, N 's for the 1-adamantyl radical will be of great help to discern between these two isomers in ESR spectra. Comparative studies are often used by experimentalists to assign the measured A iso, N 's to specific nuclei in a molecule, as has been the case for the complex Zn porphycene anion radical. Our calculated A iso, N 's for that radical permit conducting those assignments in an easy and reliable way, thereby avoiding cumbersome comparative experimental studies.
